ABSTRACT The Geosat radar altimeter data from '-'60 repeat cycles of the Exact Repeat Mission (ERM) over the period November 1986 to September 1989 have been analysed to show the annual variations of the sea-surface siopes, corrected for ocean tides, over the
RÉSUMÉ On analyse les données de l'altimètre radar du GEOSAT de "'60 cycles itératifs, obtenues lors de l'expérience « Exact Repeat Mission (ERM) » durant la période de novembre 1986 à septembre 1989, pour montrer les variations annuelles des pentes de la surface de la mer corrigées pour les marées océaniques au-dessus de la plate-forme Scotian et des Grands Bancs. On utilise un modèle des marées côtières développé à I 'Institut océanographique de Redford, associé au modèle global des marées de Schwiderski, pour enlever les signaux de marée de la hauteur de la surface de la merdans ces régions. A l'aide de la régression linéaire on estime les pentes de la surface de la mer dans les régions des
i Introduction With the advent of the Geosat ERM (Exact Repeat Mission) over ground tracks repeated within +1 km every 17 d, i h, 12 min, and 42 s (Bom et ai., 1987) , the first precise, multi-year, and global altimetrie measurement of sea surface was triade from space, promising a revolution in the study of oceanic phenomena. Altimeter data were accumulated for three years and should enable us to improve our understanding of ocean dynamics.
Geosat altimeter data have been used to examine non-tidal oceanic mesoscale phenomena after making several standard corrections, such as subtracting the ocean tide and removing orbital errors. The ocean tide is usually computed for every point from the well known global tidal model of Schwiderski (1980, hereafter referred to as Schwiderski's model), which estimates amplitudes and phases for four semidiumai, four diurnal and three long-period components on a 10 x 10 grid in the deep ocean. The orbital en-ors are generaliy removed by an empirical tilt-bias correction along the Geosat ground track. By using these corrections, energetic mesoscale features in the Guif Stream and Kuroshio have been analysed with Geosat altimeter data (Kelly and Gille, 1990; Kelly, 1991; Glenn et al., 1991; Qiu et ai., 1991; Qiu, 1992) . The temporal variability in mesoscale sea level was also analysed on a global scale by Sandwell and Zhang (1989) and Zlotnicki et al. (1989) . Furthermore, Cheney et al. (1989) , Cheney and Milier (1990) and Wyrtki and Mitchum (1990) used Geosat altimeter data for studies of the tropical Pacific sea level. In addition, Carton and Katz (1990) estimated the zonai slope and seasonal transport of the Atlantic North Equatorial Countercurrent. Tidal corrections are not crucial for these studies, because the oceanic mesoscale phenomena and equatorial processes generally have horizontal scales smalier than those of the en-ors in the ocean tide corrections. Moreover, residual tidal en-ors are reduced by empirical îilt-bias corrections.
Geosat altimeter data have also been used to derive the harmonic parameters of the semidiumal and diumal ocean tides. In the deep ocean, differences betweefl the M 2 tidai amplitudes in Schwiderski's model and those derived from the altimeter data were '~15 cm (Cartwi-ight and Ray, i989; . Over the continental shelf, where Schwiderski's model becomes invalid, the aitimetric M2 tides differ from locai tidai model resuits by '-'8 cm (Woodworth and Thomas, 1990) .
Our study region includes the Scotian Shelf and the Grand Banks off the Canadian Atlantic coast, whose generaily southwestward circulation is induced by fresh water of Arctic origin (Drinkwater et al., 1979; Petrie and Anderson, 1983 ). An additional component of the Scotian Shelf water masses is low-salinity surface water from the Gulf of St Lawrence, which exits Cabot Strait and fiows along the inner haif of the Scotian Shelf as part of the Nova Scotian Current (Smith et al., 1978) . Furthermore, Csanady (1979) identifies an offshore component of the southwestward mean current as reiated to a sharp drop in the steric set-up across the shelf break and upper continental slope from the Grand Banks to the western end of the Scotian Shelf.
The low-salinity outflow from the Gulf of St Lawrence undergoes a pronounced annual cycle with transport high in the fail and iow in the spring. Surface currents and geostrophic aiongshore transport through the Halifax Hydrographic Section on the Scotian Shelf show roughly the same annuai cycle, but deiayed by 2-3 months wiîh transport high in the winter and iow in the summer (Smith and Schwing, 1991) . On the other hand, the shelf-break current is stronger in spring than in summer off the Scotian Shelf (Csanady, 1979) . There is also an annual variation of the current over the shelf break off Labrador and east Newfoundland (Lazier and Wright, 1993) with maximum and minimum currents in October and March-April, respectively. Because of their reguiar spatial and temporai distribution, Geosat aitimeter data have the potential to help us understand the annual variabiiity of the circulation in this region.
For our application of Geosat aitimeter data to continental sheif and slope processes, en-ors in the ocean tide and tilt-bias corrections cannot be neglected. One reason is that the tidal variabiiity is comparabie with or greater than the lowfrequency signals we seek to observe. Schwiderski's model is not tuned to the shelf area, and a more accurate regional tidai model may be required. Furthermore, since the Scotian Sheif and the Grand Banks lie near the Gulf Stream, which is characterized by high sea-surface height variability, the height data are very sensitive to the tilt-bias correction aiong the ascending Geosat ground tracks. In fact, sea-surface siope may be more robust than the height itself. Another potential difficulty is that the annuai period and the aliased period of the predominant M2 tide are similar because of the particuiar Geosat ERM repeat cycle.
In this paper, the annual variability of the sea-surface slope along the Geosat ground tracks over the Scotian Sheif and the Grand Banks is deduced from nearly three years of Geosat altimeter data. To correct for ocean tides over these regions, Schwiderski's model is repiaced with a coastal tidal model (de Margerie and Lank, 1986) that was developed at the Bedford Institute of Oceanography (hereafter referred to as the BLO model). The sea-surface slopes over different portions of the shelf are estimated by linear regression of the sea-surface height data. The annual cycles are then separated from aliased M2 signals in the time series of the sea-surface slopes. Once the annual components of the slopes are found, forcing factors, such as seasonal variations in the outflow through Cabot Strait or the Siope Water current, can be explored. In Section 2, the processing of Geosat altimeter data that is required to produce sea-surface heights is discussed. The procedure for combining the BIO model with Schwiderski's model, the linear regression technique for computing the sea-surface slopes, and the harmonic analysis method are each discussed. Selected resuits are presented in Section 3 and compared with tide-gauge data and geostrophic surface currents. Possible forcing factors for the annual cycles of the sea-surface slopes are discussed in Section 4.
Analysis methods a Altimeter Data Processing for Calculations of Sea-Surface Slopes
The study region is shown in Fig. i along with 12 Geosat ground tracks chosen for analysis. The track separations are roughly 110 km. The Geophysical Data Records at the ERM repeat cycles over the period from November 1986 to September 1989 have been supplied by the National Oceanic and Atmospheric Administration National Geodetic Survey (Cheney et al., 1987) , based on altimetric measurements provided by the Applied Physics Laboratory at Johns Hopkins University. Orbits corne from the Naval Astronautics Group, and atmospheric fields, from the Fleet Numerical Ocean Center. Only the ascending path data are used in the following analyses because some descending path data are missing from the region between Greenland and the North Atlantic Current, and the remainder are very noisy.
Various corrections are made to the raw height data. They are explaincd in full
detail by Cheney et al. (1987 The corrected sea-surface heighî data are interpolated and registered on fixed latitudinal grids at 0.10 intervals. A mean sea-surface height is computed at each grid point from all available data, and then the mean is removed from the individual height data. Both the geoid and mean dynamic topography are removed by this process. Occasional spikes (usually fewer than one per orbit on the average) larger than 40 cm extending over 2-3 grid points are eliminated, and then the mean is readjusted. Orbital en-ors are removed by subtracting from the individual tracks a linear trend calculated from 20 0N to about 450N, about 2,500 km. This large-scale trend removal does not affect dynamic features with scales of order 100 km in the cross-shelf direction. The data, which still contain small-scale variability (a few centimetres amplitude extending over one or two grid points), are smoothed along the track by a Gaussian filter with a 35-km e-folding width.
The slopes over the shelf are obtained by linear regression of sea-surface height data with iterative outlier rejecîlon. A positive siope denotes ascent toward the coast. In general, the estimated slopes are significant at the 90% significance level. The missing data cycles (less than 8%) are filled by temporal interpolation, yielding a complete time series of the sea-surface slopes.
The continental shelf and shelf break region, over which sea-surface slopes are examined, is divided into two portions: the outer haîf (shelf break) and the inner haîf (shelf). Thus, three different time series are analysed: (1) the average slope for a 20 latitudinal range across the sheif and shelf break; (2) the slope for a 10 latitudinal range over the shelf break (the outer haîf); and (3) the slope for a 10 latitudinal range over the shelf (the inner haîf).
A linear representation of the sea-surface profile is found to be a good approximation, at least over the continental shelf, by examining hydrographic data from the Scotian Shelf during the season of maximum alongshore transport (NovemberDecember, Fig. 2 ) (Smith and Schwing, 1991) . Here the surface current, in a geostrophic balance with the surface siope, has been "calibrated" using measured vertical shears from moored current meters. The resulting "level of no motion" is determined to lie at roughly 160 ru over the inner portion of the Scotian Shelf, and the sea level rises nearly linearly toward the coast. From these resulîs, we estimate that, with respect to the shelf break, the sea level is set up by "'18 cm at the 40-m isobath, roughly 20 km from shore. The end-point of the Geosat transect lies approximately 30 km offshore, near the 100-m isobath where the set-up is 17 cm.
b Tidal models Schwiderski's model, with a resolution of 1~latitude x 10 longitude, is based on a scheme of hydrodynamical interpolation between sites at which tidal measurements have been made, but is inaccurate in coastal waters. A poor match between the model results and the data may severely distort the contribution of ocean tides to the sea-surface slopes. IfSchwiderski's model were used for the ocean tide correction to the altimeter data over the Scotian Shelf and Grand Banks, the corrected sea-surface slopes along the Geosat ground tracks over this region would be contaminated by model en-ors and model-data mismatches.
To avoid such contamination, the BIO model, which estimates the tidal amplitudes and phases for three semidiurnal and two diurnal components (M 2, N2, S2, Kî and 01) on a 4' x 4' grid, is employed to make the ocean tide corrections to sea-surface heights at Geosat grid points over the Scotian Shelf and Grand Banks, in place of Schwiderski's model. The BIO model solves the fully non-linear equa- Norlh Lalitude tions of motion using a semi-implicit method. Model boundaries were set well beyond the 200-m isobath in the offshore direction so that constraints imposed on the boundary would have minimal effects on circulation at the shelf edge. Elevation conditions for open boundaries were derived primarily ftom observations. In regions where stations were not available along the model boundary, iterative adjustment of the tidal elevation at the boundary was performed until computed elevations agreed with observations at nearby sites inside the model domain. The en-or in tidal elevation is estimated to be '--'3 cm by comparing the model results with independent observed tidal elevations. Although the BIO model has been used over the Scotian Shelf and Grand Banks, Schwiderski' s model is still used for grid points elsewhere along the Geosat ground tracks in the deep ocean. As shown in Fig. 3 , in the shelf region the BIO model height is uniformly increased or decreased by adjusting the BIO model height to the Schwiderski's model height at the boundary between the shelf and deep oceans. This replacement is justified because we are interested in the sea-surface slopes over the shelf and the shelf break. The tidal slope in the deep ocean affects the slope over the shelf and shelf break through the linear trend removal. This linear trend is calculated from 20 0N to about 450N, so that the en-ors in deep-ocean tidal slopes have minor influences on the slope over the shelf and the shelf break.
The periods of the semidiurnal and dinrual components are much shorter than the Geosat repeat cycle of 17.0505 days; hence, in the Geosat data they are aliased To extract the annual cycles and estimate their uncertainties from the time series, we use the harmonic analysis methods described in the Appendix. Two approximate methods are introduced and compared: (1) the generalized least-squares estimate for a firsi-order autoregressive en-or model (Sen and Srivastava, 1990) ; (Il) the ordinary least-squares estimate with "an equivalent number of degrees of freedom", which is defined in the Appendix. Here Method I is described in more detail. We first estimate the autocorrelation coefficient for the en-ors using the residuals from an ordinary least-squares analysis, and then test the significance of the autocon-elation using the Durbin-Watson statistic (Durbin and Watson, 1950 , 1951 , 1971 . When the statistical test at a 10% significance level indicates the possible presence of con-elated en-ors, a generalized least-squares method that explicitly accounts for autocon-elation is performed with en-or bounds. Otherwise the en-or bounds are calculated with the assumption of no con-elated en-ors. Since the en-or correlation is low in the latter case, the en-or bounds are insensitive to the assumption. The analysis results from Method I will be shown in full detail, whereas some of those from Method IL will be given to demonstrate general consistency between the îwo methods. This consistency suggests that Method IL, using the more intutively satisfying concept of equivalent degrees of freedom used by Fofonoff and Hendry (1985) , is a reasonable ad hoc alternative to the more rigorous autoregressive en-or model (Method 1). Note that the time origin is set at Geosat repeat cycle 32, which is 29 February 1988 for Track 16, and 2 April 1988 for Track 15. This time shift arises from a 3-d lag between the adjacent tracks from west to east in a repeat cycle.
The harmonic analysis could include the mean slope, annual component and five aliased tidal componenîs. However, the number of components should be reduced to include only those with significant contributions to the variability. Since the aliasing periods of the S2 and K1 components are too similar for the harmonic analysis to separate with our finite record length, a single semi-annual component is used to approximate both. The estimated amplitudes of annual signals and aliased tidal components over the shelf for Track 23 are listed in Table 2 . For Geosat altimeter data the mean slope, the aliased N 2 and O~components, and even semiannual cycle are much smaller than the annual and the aliased M2 components. Hence, only the annual and aliased M2 components are included in the analysis of the Geosat altimeter data. A similar analysis of the tidal model output, sampled concun-ently with the Geosat data, shows that only the M2 and aliased semi-annual components are sufficiently large to be included in the harmonic analysis. (Fig. 4a) are characterized by fluctuations with a period slightly less than one year (1 year = 21.42 Geosat repeat cycles). The dominant variations are caused by the aliased M2 tide and modulated by the aliased N2, S2, K1 and Oî tidal components. Nevertheless, Schwiderski's model yields quite different results (Fig. 4b) : the aliased M2 tidal component is not dominant and, overaîl, the variations are considerably smaller.
The time series of the Geosat slopes without tidal correction (Fig. 4c) , which contains the aliased tidal signals, possible seasonal features and other fluctuations, is dominated by variability of an approximately annual period. When con-ected with the BLO model tide (Fig. 4d) , the same series has near-annual signals that are obviously smaller. However, when con-ected with Schwiderski' s model tide (Fig.  4e) , the annual signals are hardly altered.
To examine the validity of the BLO model quantitatively, we estimate the amplitudes and phases of aliased M2 components as well as their 90% confidence (Table 3 ) from the time series in Fig. 4 by the harmonic analysis based on Method I. The same harmonic analysis is also applied to the time series along the other il tracks. According to Table 3 , the average amplitude ratio and absolute phase difference between the BLO tidal data (column A) and uncon-ected Geosat data (C) are 1.04 and 0.26 rad, respectively, whereas between Schwiderski's model (B) and Geosat data (C), they are 0.44 and 0.73 rad. Hence, the BLO model is able to account for the dominant M 2 tidal slope variations sensed by the Geosat altimeter, but Schwiderski's model is noix Consequently, the mean amplitude ratio between BLOcon-ected (D) and uncon-ected (C) Geosat slopes excluding Tracks 29 and 15 is 0.33, but the ratio between Schwiderski-con-ected slopes (E) and (C), is 0.90. This result further indicates that the BIO model is much better than Schwiderski's model in the study region. Note that the genuine residual M2 tide might be smaller than the residual M2 tide in Column D, which includes leakage from the annual cycle, and hence the BLO model may do a better job than shown in column D. Therefore we adopt the BLO tidal model to correct for ocean tides over the Scotian Shelf and Grand Banks, and Schwiderski's model elsewhere. to those of Case i but with larger variability for the tracks near the mouth of the Gulf of St Lawrence and over the southeru Grand Banks. However, the time series of Case 3 show no obvious annual variability. We performed harmonic analyses on the tidally corrected time series to extract the annual signals. Both Methods I and IL were carried out for Cases 1, 2 and 3.
The same analyses were also performed on the uncon-ected time series in order to demonstrate how well the annual cycle could be separated from the residual M 2 aliases.
The amplitudes and phases of the annual components for Cases 1, 2 and 3, along with their 90% confidence intervals, are presented in Tables 4, 5 where the phases have been converted to year days of peak signals. Clearly, the estimated parameters are subject to large statistical uncertainties, which are typical in such estimates for geophysical variables with a small number of degrees of freedom.
A common feature in the three cases is that the estimated parameters of the annuai component after tidal correction are very close to those without tidal correction. Ln addition, the amplitudes of the annual component after tidal correction are usually greater than those of the aliased residual M 2 component, as seen for Case 1 (column D in Table 3 versus column AC in Table 4 ). Lt follows that the BLO model reduces only the aliased tidal signals, but retains the non-tidal features such as the annual signal. Primarily because of the limited accuracy of the BLO model, and the aliases from systematic en-ors and the annual cycle, the time series of tidally con-ected sea-surface slopes still contain small-amplitude aliased M2 components (column D in Table 3 ). It can also be found from Tables 4, 5 and 6 that both Methods I and IL give consistent amplitudes, phases and 90% confidence intervals. The consistency for tidally con-ected slopes is better than that for tidally uncon-ected slopes. The estimated annual amplitudes and phases as well as their 90% confidence intervals from Method I are shown in Fig. 8 For the second group, the magnitudes of the slopes over the shelf break are generally much larger than those over the shelf. The annual cycles over the shelf break, with an average amplitude of 8 x i07, fluctuate nearly in phase, peaking in February. Thus, the sea-surface slopes over the Laurentian Channel and southwest side of the Grand Bank are almost in harmony, up in winter and down in summer toward the coast. The largest annual cycle amplitudes of 16 x and 9 x i O-i, peaking in December, occur over the Tail of the Grand Banks for Tracks 29 and 15, respectively. This implies that the annual cycles have a phase shift with eastern tracks leading. Drinkwater et al. (1979) showed annual variations in southwestward geostrophic surface cun-ents over the inner portion of the Halifax Section with cun-ents high in winter (January-March) and low in summer (July-Sepîember). Surface geostrophic currents, calculated from the altimetric sea-surface slopes over the inner shelf (Case 3) for Tracks 19, 22 and 25 (Table 6 ) and averaged over the three tracks, compare well (± i cm s 1) with those from the hydrographic data, in which the annual mean has been removed from the 3-month seasonal-average cun-ents (Table 7) . l1Oc  12+Oc  365+Oc  17  561Oc  621Oc  681Oc  621oo  20  3481oo  7îoo  3481Oc  71Oc  23  1131Oc  107191  113176  l011Oc  26  308187  3311Oc  3081Oc  331±Oc  29  264+37  276138  259140  276142  15  360+66  343145  360+Oc  343155 Note: Same as for Table 4 .
c Comparison with Hydrographic Data and Tide-Gauge Data
As mentioned in Section 1, the alîimetric sea-surface height near the end-point of a track is much more sensitive to linear trend removal of orbital en-ors than the sea-surface slope. Hence, no attempt is made to compare the altimetnc sea-surface height with the tide-gauge sea level directly. Lnstead, for comparison with observed coastal sea level, we choose to calculate a proxy height equal to the slope multiplied by the distance from an offshore reference point over which the slope is roughly constant. Based on hydrographic (Fig. 2) and other historical data, the most suitable reference point may lie roughly mid-shelf ('--'130 km from shore) on the Scotian Shelf, and at a similar distance from shore on the Grand Bank. Note that the choice of the reference point is hard, because there is no direct measurement of the seasurface height except for coastal or inland stations. After choosing the reference, we then calculate the height difference along the track segment and compare h with coastal tide-gauge data.
The lime series of monthly mean sea level observed at Halifax and aI St John's (Fisheries and Oceans Canada, 1989) may be adjusted for the effect of local aimospheric pressure (Atmospheric Environment Service, 1987 10 obtain the time series of adjusted sea levels. After removing the means, the annual cycles of adjusted sea levels are compared with the sinusoidal annual variation of the proxy coastal height from Geosat altimeter data in (Fig. 1) . The reference points for Tracks 19, 22 and 25 correspond to the mid-points of the analysîs ranges, whereas for Track 15 it is located roughly 150 km from the coast, in a relatively quiescent region well away from the contaminating influence of the Gulf Stream. The close agreement between Halifax and Track 19 as well as between St John's and Track 15 suggests that the choice of the reference points is appropriate. The annual signals of the coastal sea level are attributable to the processes occun-ing within '--'100 km of the coast.
Overaîl, the annual signal amplitudes for the altimeter data are in reasonable agreement with other oceanographic data, but a more complicated relationship exists between the phases. For example, the magnitude of the slope variations associated with the geostrophic surface velocity cycle on the Halifax Section (Table  7) agrees with those on the inner Scotian Shelf (Tracks 19, 22, 25 and 28;  Table 6 and Fig. 8 ), but the estimated phase ( about day 60 = March 1) is more consistent with those of the most significant signal over the shelf break off the Laurentian Channel (Tracks 17, 20, 23 and 26 in Table 5 and Fig. 8 ). Furthermore, the adjusted sea-level cycle at Halifax agrees in magnitude with the proxy altimetric coastal heights on both Tracks 22 and 19, but in phase only with that on the more western Track 19. Halifax sea-level phase Ieads that on the eastern Tracks 22-28 and 17-26 by '--'3 months. Agreement is very high between the average annual cycles in adjusted sea level at St John's and proxy altîmetric height on Track 15, in spite of a high noise level in the sea-level data (Fig. 9) .
Discussion
As shown in the text, the estimated parameters are subject to large statistical uncertainties, which may result from altimeter instrument noise, en-ors of the various corrections used, and/or en-ors in the harmonic analysis. Cheney et al. (1989) attributed the standard deviation (3-4 cm) in each 1-s height to instrument noise. Sailor and LeSchack (1987) , by computing the power spectral density of Geosat collinear pass differences, arrived at en-ors of 3 cm attrtbutable to instrument noise. The along-track smoothing used in this paper significantly reduces such instrument noise.
As for the atmosphere, the accuracy of the ionosphere model is at the 50% level or better, yielding "-'2 cm en-ors because the fortunate concurrence of the Geosat ERM and a solar minimum made the ionospheric effect rarely exceed 5 cm. Global en-ors in the wet troposphere corrections were estimated to be "'10 cm, with high spatial variability. Fortunately, the water vapour signals over the North Atlantic are generally much smaller and less variable than near the equator. Typical values in the equatorial regions are of the order of 25 cm, whereas they are <9 cm north of 35 0N (Zlotnicki et al., 1989) ; hence, better results in the wet tropospheric correction may be expected in this study. The dry tropospheric effects which are about 220 cm with additional "'10-cm long-wavelength variations are better known. The simple inverse barometer corrections are subject to uncertainties of "'3 cm.
The time-dependent orbit en-ors may be reduced to~2 cm by a linear correction over a track with a 2,500-km length. Although the sum of these en-ors (~--'20 cm) is larger than the annual signals, the en-ors have horizontal scales ('--' 1,000 km) much larger than cross-shore scales ("'100 km) of circulation over the shelf and the shelf break. Hence, the en-ors of the sea-surface slopes due to atmospheric effects and orbital en-ors are estimated to be 2 x io-~; i.e. 2 cm over the 100-km-wide shelf.
En-ors of the solid tide model are unlikely to exceed 1 cm. En-ors of ocean tide corrections by the BLO model are estimated to be 3 cm over the shelf. The ocean tides over the shelf area have horizontal scales of "'100 km, so that en-ors in slope are estimated to be 3 x i0~. Furthermore, the M 2 ride has the aliasing period of 317 d; hence, its residual may not be well resolved from the annual cycle with thẽ 3 years of data. Although the BLO model significantly reduced tidal effects from the altimeter data (Table 3) , the ocean tide en-ors are still the most crucial, giving the large statistical uncertainties to the annual cycle (Tables 4-6 ).
In spite of the large statistical uncertainties, the sea-surface slopes from Geosat altimeter data are generally compatible with the previons geostrophic current estimation and tide-gauge data. Annual cycles of the sea-surface slopes are discernible, Annual Variation o! Sea-Surface Slopes From Geosat Altimetry I 6i1 with the greatest fluctuations concentrated over the outer portion of the Laurentian Channel and southern Grand Banks. The annual signals are marginally distinguishable, but resemble hydrographic and tide-gauge data over the Scotian Shelf.
Finally, we address the problem of possible forcing factors for the observed annual cycle. The response of the Canadian Atlantic coastal ocean to transient wind forcing varies with season (Smith and Schwing, 1991) . The prevailing westerly wind, stronger in winter than in summer, blows along the Scotian Shelf and Grand Banks. Qualitatively, the westerly wind favours coastal upwelling and shoreward descent of the sea surface. As for the preferential heating and cooling of near-shore water, it may cause shoreward rise of the sea surface in summer and descent in winter. Therefore, neither the wind nor the heating explains the observed shoreward ascent in winter and spring. Some other physical factors must be responsible, overcoming stronger westerly wind and preferential cooling.
The first possible candidate is the strong western boundary cun-ent flowing southward or southwestward over the shelf break off the east coast of North America (Csanady, 1979; Ikeda, 1989) . A second candidate is the near-shore cun-ent associated with low salinity (cold) water entering the Scotian Shelf from the Gulf of St Lawrence and the Grand Banks from Labrador. Csanady's (1979) steric set-up model showed the sea-surface slope associated with the siope cun-ent over the sheif break of the Scotian Shelf and the southwesî Grand Banks to be greater in spring than in summer. Thompson (1986) provided some confirmation of the slope current from tide-gauge data. Their results are consistent with the annual signal in the altimetric sea-surface slopes over the shelf break presented in this paper.
Previous studies (Trites and Banks, 1958; Bumpus and Lauzier, 1965) indicate that the near-shore cun-ent off Nova Scotia is induced by low salinity water from the Gulf of St Lawrence. Geostrophic estimates of the monthly outflow from the Gulf of St Lawrence through Cabot Strait showed annual variations of the monîhly transport to be high in faîl and low in spring (Sutcliffe et al., 1976; El-Sabh, 1977; Drinkwater et al., 1979) . Thus, the annual variations of the sea-surface slopes on the western Scotian Shelf may be attributed to the ouîflow from the GuIf of St Lawrence through Cabot Strait, delayed by i or 2 months (Smith, 1989; Smith and Schwing, 1991) .
In addition, the sea-surface slopes over the shelf break off the Laurentian Channel could also be attributable to outflow through Cabot Strait. Woods and Beardsley (1988) considered steady discharge of a homogeneous fluid onto a two-dimensional continental shelf with constant bottom slope. Numerical and laboratory model results indicated along-isobath flow for a weakly non-linear case: a jet tums sharply to the right facing offshore in the Northern Hemisphere. As the discharge is increased, advection tends to conserve the cyclonic vorticity induced by topographic stretching, SO that the jet turns left first and then to the right. With the stronger discharge, the jet produces a cyclonic eddy on the lefî and an anticyclonic eddy on the right of the jet, and both eddies are then entrained into a more dominant eddy propagating to the right. Ikeda (1984) employed an analytical two-layer model on a fiat bottom to study a flow field driven by buoyancy flux through the sea surface or the coast. He suggested that there are two components in a subinertial flow pattern: one is a baroclinic eddy matching the forcing region, and the other is a forced, intemal Kelvin wave along the right coast facing offshore in the Northern Hemisphere. The interfacial motion associated with the eddy has a 9O~phase lag (3 months for an annual cycle) relative to the buoyancy flux variation, whereas the interfacial motion in the coastal flow is just in phase with the flux. Lt is possible that the outflow through Cabot Strait in faîl and winter is reflected in the near-shore cun-ent with a maximum in faîl and winter, and produces an eddy extending to the outer side of the southwest Grand Banks and the Laurentian Channel with a peak in winter and spring. This patteru is essentially consistent with the altimetric sea-surface slopes. The competition between the eddy and the coastal cun-ent may contaminate the annual signals over the eastern Scotian Shelf and explain the disagreement between the Halifax adjusted sea level and the altimeter signals on Tracks 22 and 25.
Appendix: Harmonie analysis and error bounds
Generally, the time series of the sea-surface slopes may be expressed by the system of equations where y is a vector of the sample slopes, x is a vector of the a~and b~unknowns, r is a vector of the residuals and L is the design matrix. By minimizing the residual sum of squares r'r, in which r' is the transpose of r, we obtain the best estimate, Xe, of the unknowns.
The con-elation of the residuals may have a great influence on the uncertainty of the solution Ne. In order to consider this, two approximate methods, called Methods L and Il in the text, are used. Method I is well described by Sen and Srivastava (1990) and outlined in the text, and Method IL is described in the following paragraph.
In Method IL, spectra for the residual time series are used to calculate the cumulative energy as a function of frequency and thereby to determine the half-power period T 05 separating cumulative energy into two equal parts (Fofonoff and Hendry, 1985) . Then the equivalent number of degrees of freedom Ne for the finite length record is estimated by The joint confidence region for the kth component is an ellipse. The results show that the ellipse can be approximated by a circle. We take the larger of the ak and bk confidence intervals as the radius of the circle. By doing this, the confidence intervals for the amplitude 5~and phase~k are estimated, as given. in Tables 4-6. 
